The spectral evolution and spatial distribution of backscattered Brillouin signals is experimentally investigated in sub-wavelength silica microfibers. The Brillouin spectrum evolution reveals the different dynamics of the various peaks, offering evidence of backscattering signals induced by acoustic waves with phase velocity greater than that of the longitudinal wave. The spatial distribution is found to have significant influence on the response of Brillouin scattering under tensile load, with hybrid acoustic modes providing a smaller response under axial strain. This insight into interactions between optical and hybrid acoustic modes at sub-wavelength confinements could help understand ultrasonic waves in tapered waveguides, and have potential applications in optical sensing and detection.
Introduction
Brillouin scattering (BS), which has been widely studied in the past decades [1] [2] , is a fundamental interaction between optical and acoustic waves, and has various applications ranging from spectroscopy 3 to distributed sensing of strain and temperature [4] [5] . With the emergence and development of micro/nano-photonic devices, BS and other photon-phonon interactions have witnessed a renewed interest because of their unique characteristics displayed at the micro and nano scale. For instance, due to the tight confinement of both phonons and photons, hybrid acoustic waves (HAWs) arise in the small core of microstructured optical fibers, inducing a multi-peaked backward BS, which is quite different from what happens in standard single-mode fibers (SMFs) [6] [7] [8] . Moreover, strong photon-phonon coupling effects such as dynamic back-action [9] [10] [11] [12] , Brillouin cooling 13 , on-chip BS 14 and tailorable stimulated Brillouin scattering (SBS) 15 have been reported in a variety of devices including optical microcavities, optomechanical crystals and nanoscale silicon waveguides.
Recently optical microfibers (MFs) have attracted much attention, as they provide subwavelength guiding and can be easily fabricated by a number of tapering techniques 16- of great configurability and easy connectivity to standard optical fibers, make this kind of tiny waveguide an ideal platform for observing opto-acoustic coupling effects.
Unlike bulk acoustic waves, shear and longitudinal waves strongly couple in MFs, giving rise to a series of hybrid acoustic modes (HAMs) 18 . Acoustic waves propagating in these modes scatter the incident light, and each acoustic mode corresponds to a different Brillouin frequency shift for scattered light, which has been confirmed by previous experimental results of forward and backward BS in silica MFs [19] [20] [21] . The backscattering frequency shifts in MFs are generally lower than those in standard SMFs (~10.845 GHz at 1550 nm), and the minimum shifts is even smaller than 6 GHz for Rayleigh-like acoustic modes with large displacement near the surface of the fiber.
Furthermore, BS can either be enhanced or cancelled through tailoring the photo-elastic and moving-boundary effects in MFs.
In this letter, we investigate the backward BS in silica MFs, presenting the backscattering spectrum evolution with diameter and the spatial distribution of Brillouin signals along a microfiber. Additionally, the response of backward BS under tensile load is also tested. Experimental results show previously unreported signals, as well as the complex strain response of BS influenced by the spatial distribution and acoustic modal properties, which may benefit both the fundamental understanding and potential applications for photon-phonon interactions at micro and nanoscale confinements.
Background
Brillouin scattering is initiated by broadband thermally-excited sound waves (acoustic phonons) which travel in acoustic modes in MFs. When propagating along the waveguide, these sound waves create moving index gratings which diffract the incident light meeting the phase-matching condition. The phase-matching condition for backward BS is Relation between tapering time and waist diameter. Insets show that the shape of the fiber being tapered changes with the decrease of the waist diameter (not to scale).
Sample preparation
The schematic on green background in Fig. 2 shows the three-segment structure of the silica MFs investigated in the following experiments, which are tapered from standard SMFs (SMF-28) using the flame-brushing technique 17 . In the fabrication process, the fiber to be pulled is attached to two computer-controlled translation stages, and is softened in its central part by a fixed small hydrogen flame. The two translation stages keep moving back and forth at different rates, and elongate the fiber to create the MF with a shape determined by the trajectories of the two stages. Figure 3 shows the relation between tapering time and waist diameter during the fabrication process, which is based on the mass conservation law 23 . All the samples in our experiments were fabricated with a final waist length of ~19.5 mm and transition regions of ~64.9 mm on both sides. 
Results and discussion
Backward Brillouin spectra were monitored in real time while fibers were tapered. Figure 4 shows the spectra at different times during the fabrication process of a MF sample. The corresponding waist diameter of the sample at each time node is also calculated and labelled in the figure, according to the relation shown in Fig. 3 . In the beginning, the spectrum only shows a single peak (peak A) around 10.845 GHz, which represents the BS from the SMF pigtails. Afterwards, when the waist diameter is reduced to several microns, other scattering peaks start to arise at increasing lower frequency. The emergence of these peaks obeys the selection rule for acoustic modes.
To be specific, the scattering strength is determined by the overlap between optical mode and acoustic modes, and the fiber diameter has a great impact on the modal profiles of both optical and acoustic modes. Therefore, the scattering strength highly depends on the diameter. Given that pump and backscattered waves propagate in the fundamental optical mode, higher-order acoustic modes reach a sufficient overlap with the fundamental optical mode at a larger diameter, and the corresponding scattering peaks emerge earlier in the spectrum. As the diameter further decreases, acoustic waves can no longer be well guided in the tapered fiber and the leakage dramatically increases, providing some wider peaks (peak B, E, J and K) that finally vanish at the end of the process. Peak C, D, F and G do not vanish because they finally originated in the transition region, which is the spatial distribution discussed below. Interestingly, BS peaks with frequencies higher than that of the SMF peak (i.e. B and E) have been by the diameter decrease. The only explanation for this phenomenon is that these signals are not generated from the waist region. A heating test was used to determine the BS spatial distribution, as the scattering peaks are sensitive to temperature. Figure   5 (a) shows the Brillouin spectrum measured in a MF sample with waist diameter of ~0.76 μm when the sample is not heated. The peak at 7 ~ 8 GHz is irrelevant to the BS and results from the noise of the laser source. According to Fig. 5 (b) , when the waist region of the sample is heated, the peaks at 5 ~ 6 GHz (J and K) and at 8 ~ 9 GHz (H and I) experience changes in their shapes, indicating that these peaks owe their origins from the heated region. The same method was utilized to determine the origin of the peaks at 9 ~ 10.8 GHz (C, D, F and G) and showed that they originate from the transition regions.
If a tensile force is applied to a tapered fiber, due to the three-segment geometric structure, a non-uniform strain distribution is expected along the length. The deformation ΔL under a tensile force F is calculated by
where L is the total length of the stretched region, G is the Young's modulus of silica, and r(l) is the fiber diameter along the length. According to Eq. 
Conclusion
In conclusion, the spectral evolution and spatial distribution of backscattered Brillouin 
